Dopamine has a crucial role in the modulation of neurocognitive function, and synaptic dopamine activity is normally regulated by the dopamine transporter (DAT) and catechol-O-methyltransferase (COMT). Perturbed dopamine function is a key pathophysiological feature of schizophrenia. Our objectives were (i) to examine epistasis between the DAT 3 UTR variable number of tandem repeats (VNTR) and COMT Val158Met polymorphisms on brain activation during executive function, and (ii) to then determine the extent to which such interaction is altered in schizophrenia. Regional brain response was measured by using blood-oxygen-level-dependent fMRI during an overt verbal fluency task in 85 subjects (44 healthy volunteers and 41 patients with DSM-IV schizophrenia), and inferences were estimated by using an ANOVA in SPM5. There was a significant COMT ؋ DAT nonadditive interaction effect on activation in the left supramarginal gyrus, irrespective of diagnostic group (Z-score ‫؍‬ 4.3; familywise error (FWE) p ‫؍‬ 0.03), and in healthy volunteers alone (Z-score ‫؍‬ 4.7; FWEp ‫؍‬ 0.006). In this region, relatively increased activation was detected only when COMT Met-158/Met-158 subjects also carried the 9-repeat DAT allele, or when, reversely, Val-158/Val-158 subjects carried the 10/10-repeat genotype. Also, there was a significant diagnosis ؋ COMT ؋ DAT nonadditive interaction in the right orbital gyrus (Z-score ‫؍‬ 4.3; FWEp ‫؍‬ 0.04), where, only within patients, greater activation was only associated with a 9-repeat allele and Val-158 conjunction, and with a 10-repeat and Met-158 conjunction (Z-score ‫؍‬ 4.3; FWE p ‫؍‬ 0.04). These data demonstrate that COMT and DAT genes interact nonadditively to modulate cortical function during executive processing, and also, that this effect is significantly altered in schizophrenia, which may reflect abnormal dopamine function in the disorder.
T he dopamine transporter (DAT or SLC6A3) and the catechol-O-methyl transferase (COMT) regulate synaptic levels of dopamine in the brain, and thus, modulate central dopaminergic function. The DAT is a presynaptic neuronal membrane protein, which removes dopamine from the synaptic cleft (1) and is thought to be particularly important as a regulator of phasic dopamine release in subcortical regions where DAT is most abundant (2) (3) (4) . In cortical regions, where DAT is less abundant, postsynapatic intracellular degradation by the COMT enzyme is an important regulator of dopamine function (5) (6) (7) (8) (9) . In the cortex, DAT is mainly extrasynaptic, and thus, seems better situated to regulating dopamine diffusion to the extrasynaptic space (10) (11) (12) .
Within the healthy population, the activity of COMT and DAT is affected by at least 2 well-studied polymorphisms. The enzymatic activity of COMT is altered by a guanine (G) to adenine (A) SNP change (known as Val158Met or rs4680) in the gene, which translates into a Val-to-Met amino acid change in codon 158 of the protein. This polymorphism is codominant and causes a 3-to 4-fold decrease in the molecular thermo-stability of the protein, which decreases its abundance and enzymatic activity, inclusively in the human brain (13) (14) (15) (16) (17) . The DAT gene displays a polymorphic 40-bp variable number of tandem repeats (VNTR) in a UTR, which yields alleles ranging from 3 to 11 repeats, 9-and 10-repeat alleles being the most common (18) . This polymorphism has been found to act as a modulator of gene transcription: the 10-repeat allele being associated with higher levels of DAT expression (19) (20) (21) (22) .
To date, the impact of these dopamine-regulating genes on cognitive function has been assessed in studies within the healthy population. Variation in the functional Val158Met polymorphism within COMT is associated with significant differences in both the performance of cognitive tasks (23) (24) (25) (26) , including verbal fluency (27) , and the pattern of cortical activation during their execution (24, (27) (28) (29) (30) (31) (32) . Similarly, functional neuroimaging studies of the DAT 3Ј UTR VNTR in healthy subjects suggest that this gene modulates cortical activation during working memory (12) and verbal fluency (84) . Also, 2 neuroimaging studies have reported additive interactions between the effects of COMT Val158Met and of DAT 3Ј UTR VNTR on activation in the prefrontal cortex during working memory tasks (12, 33) . These studies found a linear relationship between the effects of the 2 polymorphisms; both the Met-158 and the 10-repeat alleles were associated with relatively less activation when simultaneously present (and the opposite applied to the Val-158 and the 9-repeat alleles). Nonadditive (i.e., multiplicative) interactions, where an effect of an allele is different, depending on the presence of another allele, have also been reported for the same genetic polymorphisms in the ventral striatum during a rewardsensitive guessing task (34) , in the hippocampus (35) , and tentatively in the prefrontal cortex (35), during 2 memory tasks, in healthy subjects.
Schizophrenia is associated with abnormalities in dopaminergic function in the cerebral cortex (36) (37) (38) (39) (40) (41) and the striatum (42) (43) (44) (45) . This observation suggests that the impact of variation in the COMT and DAT genes on regional brain activation might differ in patients compared with healthy controls. We have recently verified this hypothesis for both COMT and DAT, with variation in each gene associated with a different pattern of activation during verbal fluency in patients and controls (27, 84) . Interestingly, both DAT and COMT genes are strong candidate susceptibility genes for schizophrenia given their biological role, but there is lack of consensus between genetic association studies with a similar number of positive and negative studies reported for each gene. One reason behind the inconsistencies that relate to one gene may be the lack of assessment of the other gene, especially if they interact in a nonadditive manner to influence disease outcome and symptomatology.
The aims of the present study were to examine (i) the existence of a nonadditive interaction between 2 distinct genes, DAT and COMT, on brain activation during a verbal fluency task, and (ii) the extent to which this effect is modified in schizophrenia. We used 2 well-characterized functional polymorphisms (COMT Val158Met and DAT 3Ј UTR VNTR) and functional MRI to study healthy volunteers and patients with schizophrenia, with genotype subgroups of sufficient size to detect interactive effects of both genes on activation by using an ANOVA. Subjects were scanned while they performed an overt phonological verbal fluency paradigm, which is associated with activation in the frontal, cingulate, and temporal cortex in healthy volunteers (46) (47) (48) (49) (50) (51) (52) (53) (54) , and with impaired performance (55, 56) and altered activation (51, 54, (57) (58) (59) (60) in schizophrenia. On the basis of evidence that variation in DAT (at the 3Ј UTR VNTR) and in COMT (at the Val158Met SNP) separately modulate fronto-temporal activation during verbal fluency, and that these effects are altered in patients with schizophrenia (27, 84), we predicted that there would be an epistatic interaction between their effects on regional activation in the same sample and paradigm. We further tested the hypothesis that this genotype ϫ genotype interaction on activation would be significantly different in patients with schizophrenia compared with healthy volunteers, reflecting the abnormal cortical and striatal dopamine function associated with the disorder.
Results
Behavioral Data. As expected, there was a significant main effect of task demand on the number of incorrect responses (F ϭ 45.36; P Ͻ 0.0001) as there was for diagnosis, with patients making more errors than controls (F ϭ 9.71; P ϭ 0.003). There were no significant 2-way or 3-way interactions.
Main Effect of Task. In both diagnostic groups, word generation (irrespective of task difficulty or genotype) was associated with activation in a distributed network that included, bilaterally, the inferior frontal, insular, and dorsal anterior cingulate cortex, the caudate and the thalamus, and the left middle frontal, superior temporal, and inferior parietal cortex [family-wise error (FWE) p Ͻ 0.05] Conversely, repetition was associated with greater engagement of the rostral anterior cingulate gyrus, precuneus, and occipital cortex. These data were reported in detail in an earlier study (27) .
Main Effect of Diagnostic Group. Activation in the left inferior frontal gyrus (Ϫ44 18 30; Z ϭ 3.4), anterior insula (Ϫ34 14 8, Z ϭ 3.3), and frontal operculum (Ϫ36 14 12; Z ϭ 3.6) was greater in patients than in healthy volunteers (P Ͻ 0.001, uncorrected). There were no areas more activated in healthy volunteers than in patients, and there were no between group differences in deactivation. These data were reported in detail in an earlier study (27) .
Individual Effects of DAT and COMT Genotypes. A significant diagnosis by genotype interaction was detected in the right periSylvian cortex, reflecting greater activation in Val-158/Val-158 than Met-158/Met-158 schizophrenia patients, and the opposite in healthy volunteers (40 6 14, Z ϭ 4.3; 34 14 6, Z ϭ 4.0; 50 Ϫ24 18, Z ϭ 4.0; 54 Ϫ10 Ϫ14, Z ϭ 3.9), as reported earlier (27) . In respect to DAT 3Ј UTR VNTR, significant main effects of genotype were found in the activation of the left anterior insula (Ϫ30 6 16, Z ϭ 3.5 and Ϫ34 14 Ϫ6, Z ϭ 3.2) and the right caudate nucleus (22 4 20, Z ϭ 3.2) reflecting greater activation in 10/10-repeat than 9-repeat carriers. A significant diagnosis by genotype interaction was detected in the left middle frontal gyrus (Ϫ42 44 24, Z ϭ 2.8) and the nucleus accumbens (Ϫ6 6 Ϫ10, Z ϭ 3.1), with greater activation in 9-repeat than 10/10-repeat carriers in schizophrenia, but not in healthy controls (84) .
DAT ؋ COMT Interaction Irrespective of Diagnostic Group. There was a significant interaction between the effects of the COMT and DAT genotypes on activation in all subjects, irrespective of diagnostic group, in the left supramarginal gyrus, part of the inferior parietal lobule (FWEp ϭ 0.03) ( Table 1) . In this region, DAT 9-repeat carriers activated Ͼ10/10-repeat subjects within the Met-158/Met-158 group, whereas the opposite (10/10-repeat activating Ͼ9-repeat carriers) was evident in Val-158/Val-158 subjects (Table 1 and Fig.  1 ). This effect accounted for 13% of the interindividual variance in activation ( p 2 ϭ 13%). Although in patients alone this interaction effect was not significant, in controls, it was highly significant (FWE ϭ 0.006), accounting for 25% of the interindividual variance ( p 2 ϭ 25%). Exploration of the plot in Fig. 1 shows that the effect of DAT in COMT heterozygotes was generally intermediate (across Table 1 . Interaction between effects of DAT 3 UTR VNTR and COMT Val158Met genotypes on regional activation across diagnostic groups All inferences significant at FWE P Ͻ 0.05 for a DAT ϫ COMT effect irrespective of diagnostic group (last column) are reported (Z-scores in brackets). FWE correction is also shown for other effects that survive significance at the same threshold. SCZ, schizophrenia. Plot showing DAT 9-repeat carriers activated Ͼ10/10-repeat subjects within the Met-158/Met-158 group, whereas the opposite (10/10-repeat activating Ͼ9-repeat carriers) was evident in Val-158/Val-158 subjects in this region. Negative values represent activation in 9-repeat carriers greater than that of 10/10-repeat subjects, whereas positive bars represent 10/10-repeat subjects activating Ͼ9-repeat carriers. M, 158Met; V, 158Val.
task versions and diagnostic groups) between that in the 2 COMT homozygote groups. There was no evidence for an interaction in the opposite direction (DAT 9-repeat carriers activating Ͼ10/10-repeat subjects within the Val-158/Val-158 group, with the reverse in the Met-158/Met-158 group).
Group ؋ DAT ؋ COMT Interaction. An interaction between diagnosis and the effect of DAT genotype on the effect of COMT was detected in the right medial/posterior orbital gyrus (FWEp ϭ 0.04) ( Table 2 ). In this region, controls who where 9-repeat carriers activated Ͼ10/10-repeat controls in the Met-158/Met-158 group, whereas the opposite applied for Val-158/Val-158 subjects; the converse was evident in patients, with 10/10-repeat subjects activating Ͼ9-repeat carriers in the Met-158/Met-158 group, and the opposite in the Val-158/Val-158 groups (Table 2 and Fig. 2 ). This group ϫ COMT ϫ DAT interaction accounted for 9% of the variance in activation in this region ( p 2 ϭ 9%). Although in controls it was not, the COMT ϫ DAT interaction effect in patients was significant (FWE P ϭ 0.04), accounting for 16% of the interindividual variation ( p 2 ϭ 16%). Again, the DAT effect in COMT heterozygotes was, in general, intermediate between that in the COMT homozygote groups (Fig. 2) . Also, the interaction in the patient group was generally stronger than that in the control group (Fig. 2) . No other 3-way interactions were detected at P Ͻ 0.001, uncorrected.
Effects of Potentially Confounding Factors on Activation. Within the patient sample, there were no significant differences in the dose, duration, or type (first vs. second generation) of antipsychotic treatment between the genotype subgroups. Also, whole-brain regression analyses indicated that activation in the areas where there were significant effects of COMT genotype and/or of DAT genotype was not related to either the dose, type (first vs. second generation), or the duration of antipsychotic treatment, even at a liberal statistical threshold (P ϭ 0.01, uncorrected). Also, when these medication variables were entered in each analysis as covariates of no interest, they did not change the foci of maximal significance or reduce the associated Z-scores. Similarly, introducing IQ, years of education, gender, and ethnicity as covariates of no interest did not alter any of the results.
Discussion
We have previously reported the separate effects of COMT Val158Met and DAT 3Ј UTR VNTR genotype on fronto-temporal cortical activation during verbal fluency and the main effect of task and of diagnosis in this sample (27, 84) . Both genes regulate brain dopaminergic transmission, and both polymorphisms are functional, in that they lead to differences in gene expression and/or protein function (13) (14) (15) (16) (17) (19) (20) (21) (22) . Therefore, the effect of a given polymorphism on fronto-temporal cortical activation during a cognitive task may not be the same across individuals who carry different variants of a second polymorphism.
The present data provide evidence for a significant interaction of DAT ϫ COMT genotype (independent of diagnostic group) in the left parietal cortex. This interaction was also significant when the healthy volunteers group were analyzed alone, but not in the patient group. The supramarginal gyrus is thought to be involved in the integration of somatosensory, auditory, and visual input (61) , and in the phonological and articulatory processing of words (62) . It has consistently been engaged in previous studies of verbal fluency (47, 50, 53, 63, 64) ; it also has a role in semantic representation (65) and in decision making under conditions of uncertainty (66) . In this area, subjects with the Met-158/Met-158 COMT genotype who carried the 9-repeat DAT allele showed more activation than Met-158/Met-158 subjects who carried 2 copies of the 10-repeat allele. Conversely, in Val-158 homozygotes, activation was greater in 10/10-repeat than 9-repeat carriers. These data suggest that, in addition to the main effects of each polymorphism on cortical function (27, 84) , there are other effects that are conditional on a particular combination of COMT and DAT polymorphisms.
Additive effects of the COMT and DAT genotypes on activation in the precentral, anterior cingulate (12) , and dorsolateral prefrontal cortex have previously been described in the context of a working memory task (12, 33) . In those studies, linear regression analyses indicated that the Val-158 allele in combination with the 9-repeat was associated with the greatest activation, whereas the Met-158 allele combined with the 10-repeat was associated with the lowest. In the present study, a nonadditive (nonlinear) interaction was demonstrated, because both the combination of the Met-158 and 10-repeat alleles and the combination of the Val-158 and 9-repeat alleles were associated with relatively low left parietal activation. A nonadditive interaction between the effects of these 2 polymorphisms on prefrontal activation during a working memory task was recently suggested by a regression analysis, which included an independent factor predicting a priori different weights for COMT-DAT genotype combinations (35) . We used a different method, an All inferences significant at FWE P Ͻ 0.05 for a DAT ϫ COMT effect in interaction with diagnostic group (last column) are reported (Z-scores in brackets). FWE correction is also shown for other effects that survive significance at the same threshold. SCZ, schizophrenia. ANOVA to test for nonadditive effects. ANOVA avoids the need to assume the weights or relative effect sizes of the effects of DAT-COMT genotype groups on activation a priori. Another difference between the present study and previous studies of COMT ϫ DAT interactions (12, (33) (34) (35) 84 ) is that we did not use a region-of-interest approach, but examined putative interactions corrected across the whole brain, in view of the lack of previous studies of nonadditive interactive effects of these genotypes on activation during verbal fluency. Thus, the statistical threshold we used was relatively more conservative.
The DAT 9-repeat allele has previously been associated with increased activation in the prefrontal cortex. This effect was interpreted as being secondary to effects of DAT on striatal function, given that the expression of DAT in the prefrontal cortex is relatively low (12, (33) (34) (35) . However, DAT is generally present in higher concentrations in the parietal than the prefrontal cortex (4, 6, 67) . This observation raises the possibility that variation in DAT may have relatively greater influence on the availability of dopamine in the synaptic cleft of dopaminergic terminals in the parietal cortex compared with cortical regions where removal of synaptic dopamine is primarily a function of COMT (5, 6, 9, 68). Thus, it would be reasonable to relate the COMT by DAT interaction to a local effect of DAT, although we cannot exclude the possibility that it was driven (instead or in addition) by an effect of DAT in another site connected to this region. In cortical areas that have relatively high levels of DAT, the contribution of the 2 enzymes to this process may be more similar, providing more scope for interactions between the effects of COMT and DAT genotypes. In these areas, if DAT is relatively more effective in removing dopamine, its action may negate the impact of a relatively ineffective variant of COMT, and vice versa. For example, whereas Val-158 is associated with high COMT activity and, thus, lower dopamine levels, the 9-repeat allele is associated with low DAT activity and, thus, higher dopamine levels. The converse would apply for the Met-158 and 10-repeat alleles. Thus, both combinations (Val-158-9-repeat and Met-158-10-repeat) may be associated with similar dopamine levels in the supramarginal gyrus, and a similar degree of cortical ''efficiency'' (or signal-to-noise ratio) (69, 70) . However, other COMT-DAT combinations may exaggerate the effects of each allele on cortical dopamine levels. Thus, the combination of the 2 genotypes associated with the most active forms of COMT and DAT (Val-158 and 10-repeat) would be associated with maximal dopamine removal and the lowest dopamine levels. Conversely, the Met-158-9-repeat combination would be associated with the least effective dopamine removal and maximal cortical dopamine levels. We found that both these latter combinations were associated with increased activation in the supramarginal gyrus, consistent with the notion that cortical function becomes ''inefficient'' when local dopamine activity is either unusually low or unusually high (69, 70) , with an inverted U-shaped relationship between cortical efficiency and local dopamine activity (Fig. S1 ).
There was an additional significant interaction between the effects of COMT and DAT in the right medial/posterior orbital gyrus that was specific to patients with schizophrenia and was not evident in healthy subjects. The interaction was significantly different in patients and healthy subjects, with a group ϫ COMT ϫ DAT interaction that accounted for 22% of the variance in this region. In patients, both the Val-158-9-repeat combination and the Met-158-10-repeat combination were associated with higher activation, whereas in healthy subjects, there was a trend in the opposite direction. Although its reports of association with verbal fluency and differential activation in schizophrenia have not been as frequent as those in the adjacent inferior frontal gyrus (46, 47, 50, 51, 53, 63, 64) , the right orbitofrontal cortex has shown abnormal volume in schizophrenic patients (71) (72) (73) (74) (75) and significant activation during verbal fluency in females (50) ; it has also been linked to semantic processing (76, 77) . An interaction between diagnostic group and genetic variations that influence dopamine transmission in the orbitofrontal cortex is also consistent with the presence of dopaminergic inputs to the prefrontal cortex, and with the putative disruption of dopaminergic inputs to prefrontal cortex in schizophrenia (36) (37) (38) (39) (40) . Because there are relatively low levels of DAT in the prefrontal cortex (4, 6, 67) , the effect of DAT genotype on activation in this region may reflect an effect at a site where DAT levels are higher that is connected to prefrontal cortex, such as the striatum, as suggested in previous studies (12, 33) . However, it was not possible to test this possibility in the present study. As such, the 9-repeat allele, which is relatively ineffective at removing dopamine from striatal synapses, could have induced lower signal-to-noise (or lower cortical efficiency) in prefrontal pyramidal networks, compared with the 10-repeat. Schizophrenia is associated with an increase in presynaptic dopamine function (42) (43) (44) (45) . In patients with the DAT 9-repeat allele, the increased striatal dopamine activity associated with the disorder may be even more exaggerated, which may exacerbate the impaired efficiency of the prefrontal cortex also associated with schizophrenia (36) (37) (38) (39) (40) . When the 9-repeat allele is combined with the Val-158 version of COMT, which is relatively ineffective at removing dopamine in the cortex, cortical dopamine levels will tend to decrease and reduce cortical efficiency even further in schizophrenia patients. This reasoning would explain why, in the present data, the Val-158-9-repeat combination is associated with increased activation in patients (for the same level of performance), but not in healthy subjects. Conversely, the Met-158-10-repeat combination was also associated with the same high level of activation in patients. This observation could mean that the putatively associated high levels of noise were inducing a lower prefrontal signal-to-noise ratio in patients. Thus, in schizophrenia, Val-158-9-repeat and the Met-158-10-repeat combinations may both be facilitating inefficient activation by decreasing the signal-to-noise ratio.
In addition to the finding in the orbitofrontal cortex, we detected trends (at P Ͻ 0.001, uncorrected) for similar group differences in the nature of the COMT ϫ DAT interaction in the left superior frontal gyri (Ϫ16 62 20; Z ϭ 3.9) and the right caudate nucleus (14 Ϫ2 18; Z ϭ 3.5) (Fig. 2 A) . The prefrontal and striatal location of these interactions is of particular interest, because they are thought to be key sites of dopaminergic dysfunction in schizophrenia (36) (37) (38) (39) (40) (42) (43) (44) (45) . However, because these interactions were only evident at an uncorrected threshold (P Ͻ 0.001), they must be interpreted with caution. In sum, the interaction between the effects of variation in COMT and DAT may, thus, be different in patients from healthy subjects as a result of the perturbation of central dopamine function associated with schizophrenia. In schizophrenia, elevated striatal dopamine activity combined with reduced prefrontal dopamine activity may result in interactions between DAT and COMT that are not evident in healthy subjects, with variation in DAT influencing activity in the striatum and, thus indirectly, the cortex, and variation in COMT having direct effect in the cortex.
In general, the effect of DAT genotype in the findings discussed above was intermediate in the Val158Met heterozygote groups compared with the homozygote genotype groups, as evident in the plots of Figs. 1 and 2 . This observation is in accordance with findings of allelic codominance in the Val158Met polymorphism (13) (14) (15) (16) (17) .
Because all of the patients had been treated with antipsychotic medication, we cannot exclude the possibility that differences in the effects of genotype in patients compared with controls were related to medication (because these drugs have an antagonistic effect on central dopamine receptors), as opposed to an effect of schizophrenia. This issue could be addressed by repeating the study in medication naive patients, although this design would be logistically difficult. However, within the patient sample, neither the dose, type, nor duration of treatment differed between the genotype subgroups or were correlated with activation at the sites of group effects. Also, introducing these medication variables as covariates of no interest did not alter the peak foci of activation or the Z-scores. Thus, although effects of medication cannot be completely excluded, we could not find any evidence that the findings were attributable to effects of treatment. Because DAT and specifically the 3Ј UTR VNTR has also been implicated, although not consistently, in the vulnerability to substance abuse disorders (78, 79) , it is possible that the DAT subgroups differed with respect to smoking and alcohol consumption, which might have influenced the fMRI results. In the present study, we excluded subjects who met DSM-IV criteria for a substance misuse disorder, but did not measure the frequency of substance use among those who were included (SI Materials and Methods). We cannot exclude an additional effect of the noradrenaline transporter (NET) on cortical activation, given that it has been shown to have some affinity to synaptic dopamine (80, 81) . Last, we acknowledge that the relatively small number of subjects in some cells may have limited our sensitivity and prevented us from detecting additional effects to those reported.
Although the data suggest that there is significant epistasis between the effects of DAT and COMT on cortical activation, the precise mechanisms underlying these interactions are unclear and will require cellular and molecular studies. Further levels of complexity relate to the effects of regional variation in the densities and types of dopamine receptors, the influence of tonic vs. phasic dopamine transmission, and the extent to which these factors are altered by a pathological afferent dopamine activity such as that in schizophrenia. Our findings suggest that an epistatic effect of COMT and DAT on brain function is more evident in certain areas than others, possibly reflecting regional variation in the relative levels of the 2 proteins. The different epistatic effect hereby found in schizophrenia may help explain why the results from genetic association studies of the genes for DAT and COMT in schizophrenia have been inconsistent, despite the biological plausibility of a role for these genes in the pathophysiology of a disorder of central dopamine function. In studies of DAT and COMT and dopamine function more generally, it may be advisable to assess both genotypes together, rather than either in isolation.
In conclusion, these data suggest that there are interactions between the effects of variations in the genes for different dopamine-regulating agents that affect regional brain function. Also, the nature of these interactions may be different in patients with schizophrenia and healthy volunteers. The latter may reflect the alteration in brain dopamine function associated with the disorder, although interactions between these genes and other effects of the disorder or with risk factors for the disorder (such as other genes) could also contribute.
Materials and Methods
Subjects. A total of 85 subjects, all native English speakers, participated. Patients (n ϭ 41) had established schizophrenia as defined by DSM-IV criteria, and healthy volunteers (n ϭ 44) had no history of mental illness. For subject recruitment and demographic details, see SI Materials and Methods. All subjects, 90% of whom were Caucasian, were genotyped for the rs4680 SNP, which encodes the Val158Met polymorphism of COMT, and for the VNTR in the 3Ј UTR of the DAT gene (as described in refs. 27 and 84). The participants comprised the following groups: within healthy subjects, there were 18 9-repeat carriers (of which 5 were Met-158/Met-158, 8 Met-158-Val-158, and 6 Val-158/Val-158), and 26 10-repeat homozygotes (9 Met-158/Met-158, 11 Met-158-Val-158, and 6 Val-158/Val-158). Among the patient sample, there were 18 9-repeat carriers (6 Met-158/Met-158, 7 Met-158-Val-158, and 5 Val-158/Val-158) and 23 10-repeat homozygotes (6 Met-158/Met-158, 10 Met-158-Val-158, and 7 Val-158/Val-158). There were no significant differences (P Ͻ 0.05) between the patient and healthy control groups in age, ethnicity, or handedness, but patients had a lower mean IQ, fewer years of education, and a higher proportion of males (Table S1 ). Between the genotype subgroups of either polymorphism, either in each diagnostic group or across the whole sample, there were no significant differences (P Ͻ 0.05) for any of the demographic, psychopathological, or medication variables (Tables S2 and S3) . Two previous studies, investigating the effect of one SNP in the NRG1 gene and of the DISC1 gene, respectively, have used samples partially overlapping with those in the present study (85, 86) .
Verbal Fluency Task and Image Acquisition. The task and image acquisition was performed as described (53) ; for details, see SI Materials and Methods. Briefly, during a ''generation'' condition, subjects were visually presented with a series of letters and required to overtly articulate a word beginning with the presented letter. This condition was contrasted with a ''repetition'' condition, in which subjects were presented with the word ''rest'' and were required to say rest out loud. Task difficulty was manipulated by presenting separate sets of ''easy'' and ''hard'' letters (53) . Verbal responses were recorded allowing us to identify ''incorrect'' trials, in which the subject did not generate any response or generated repetitions, derivatives, or grammatical variations of a previous word.
Behavioral Analysis. The effect of task load, genotype (DAT and COMT), diagnosis, and their interaction on the level of accuracy of verbal responses (measured by the number of incorrect responses during scanning) were assessed by using a multivariate 2 ϫ 2 ϫ 2 ANOVA in SPSS (version 15.0), with diagnosis and genotype as between-subjects factors and task load as a within-subject factor.
Neuroimaging Analysis. Analysis was performed with SPM5 software (www.fil. ion.ucl.ac.uk/spm) (82) , running under Matlab 6.5 (Mathworks). To minimize movement-related artifacts, all volumes from each subject were realigned and unwarped (using the first as reference resliced with sinc interpolation), normalized to a standard MNI-305 template, and spatially smoothed with an 8-mm FWHM isotropic Gaussian kernel. First, the statistical analysis of regional responses was performed in a subject-specific fashion by convolving each onset time with a synthetic haemodynamic response function (HRF). To minimize performance confounds, we modeled correct and incorrect trials separately by using an event-related model. This design resulted in a total of 4 experimental conditions: (i) easy generation, (ii) hard generation, (iii) repetition, and (iv) incorrect responses. The latter condition was excluded from the group analysis to control for effects of group (genotype or diagnostic) differences in task performance on activation. Correct responses among the generation events (35 in the hard or 35 in the easy version) were contrasted with 70 repetition events. To remove low-frequency drifts, the data were high-pass filtered by using a set of discrete cosine basis functions with a cut-off period of 128 s. The parameter estimates were calculated for all brain voxels by using the general linear model, and contrast images for ''easy generation Ͼ repetition'' and ''hard generation Ͼ repetition'' were computed in a subject-specific fashion. Second, to permit inferences at the population level (83), the subject-specific contrast images were entered into a full-factorial ANOVA with 6 experimental groups based on the COMT genotype (i.e., Met-158/Met-158 controls; Val-158/Met-158 controls; Val-158/Val-158 controls; Met-158/Met-158 patients; Val-158/Met-158 patients; Val-158/Val-158 patients). To allow testing for multiplicative interactions between the 2 polymorphisms, DAT 3Ј UTR VNTR genotype was added as an interacting covariate expressed with the values Ϫ1 (9-repeat carriers) and 1 (10-repeat homozygotes) in each of the 6 experimental groups. This design allowed us to test for differences in activation between the DAT genotype groups in each COMT group and for nonadditive interaction effects between genes, either groupindependent, group-specific, or group-dependent. We did not restrict our search to areas that expressed significant activation for ''word generation Ͼ repetition,'' but considered the whole brain. Statistical inferences were made using by t tests at P Ͻ 0.05, corrected for multiple comparisons across the whole brain with voxelwise FWE rate. The t-images for each contrast at the second level were transformed into statistical parametric maps of the Z-statistic. We modeled task load to minimize error variance, but report results for the hard and easy conditions combined. To assess how much of the interindividual variance in bloodoxygen-level-dependent activation was explained by the genetic variation, we used the p 2 measure of effect size in SPSS after extracting the subjects' ␤-measure at the voxel of peak activation from SPM5. To confirm that demographic and medication variables did not bias our analyses, we performed additional analyses by using them as covariates of no interest and a whole-brain regression analysis with each medication variable as a covariate.
